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Abstract
The effect of Confined One Gluon Exchange Potential and Instanton Induced Interaction potential
in the singlet (1S0) and triplet (3S1) channels for Nucleon-Nucleon interaction has been investigated
in the framework of Relativistic Harmonic Model using Resonating Group Method in the adiabatic
limit with Born - Oppenheimer approximation. The contributions of the different components of the
interaction potentials have been analyzed.
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1 Introduction
The problem of nucleon-nucleon (NN) interaction is one of the fundamental problems in physics. Ever
since the discovery of the nucleus, the physics community has been striving to unravel the nature of the
nuclear force. The study of NN interaction forms the foundation for this quest. With the advent of the
quantum chromodynamics (QCD), the study of NN interaction took significant step, where in, it became
necessary to include the mass spectra of the nucleons by taking in to account their quark structure.
In theory, almost any potential well with two adjustable parameters could be made to fit all low
energy proton-proton (p-p) data, and a similar treatment for the neutron-proton (n-p) case holds as
well [1]. De Rujula et al., have explored the implications of this observation for the spectroscopy of
the hadrons in the standard gauge model of weak, electromagnetic and strong interactions. The model
[2] involved four types of fractionally charged quarks, each in three colors, coupling to massless gauge
gluons. The asymptotic freedom of the model was incorporated to argue that for the calculation of
hadron masses, the short-range quark - quark interaction may be taken to be Coulomb-like. One can
thus derive many successful quark-model mass relations for the (light) hadrons. The model gives a
qualitative understanding of many features of the hadron mass spectrum, such as the origin and sign of
the Σ-Λ mass splitting. The model also predicts the masses of charmed mesons and baryons [2, 3].
Thus, NN interaction came to be explained by the exchange of various particles in the framework of
QCD [2, 4, 5]. Since we neither know the exact form nor the nature of origin of confinement, various
phenomenological quark models (both relativistic and non-relativistic) have been developed to explain
NN interaction [3, 6, 7, 8, 9, 10, 11, 12].
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Although much progress has been made in the understanding of the NN interaction, our understanding
of the dynamics of the short-range interaction is still unsatisfactory. In the short range, NN interaction
is repulsive in nature - a crucial attribute for nuclear stability. Typically, non-relativistic quark model
(NRQM) Hamiltonians consist of kinetic energy, confinement potential and quark-quark interaction
potential. Various potentials like one-gluon exchange potential (OGEP), instanton induced interactions
(III), one-pion exchange potential (OPEP) and their combinations have been used to model the quark-
quark interaction. In all these models, the short-range repulsion is attributed to the Pauli repulsion
between the quarks manifesting itself as the exchange part of the color magnetic interaction [3, 13]. The
meson exchange models explain the short range repulsion through an interaction mediated by vector
mesons [4].
Although QCD is the accepted fundamental theory of strong interaction, there is no exact solution
to the theory in the non-perturbative (low-momentum) regime. QCD has two stand-out features that
set it apart from other interactions: color confinement and asymptotic freedom. Since the exact form
of confinement is not known, we resort to phenomenological models. In these models, the parameters in
the theory are fitted to known hadronic properties such as masses and magnetic moments of the hadrons
[13, 14]. The phenomenological models used in the past, like the relativistic MIT bag models [14] and
the non-relativistic potential models [3, 13] as well as relativistic confinement models [15], have been
successful in reproducing the hadronic spectra.
Oka et al. have studied NN interaction by including the III along with OGEP. They show that,
because III too has a color magnetic term, it can give rise to short range repulsions [16]. The inclusion
of the III is justified because of the large value of the strong coupling constant (αs ∼ 1.6) needed to
reproduce the baryon spectrum in the phenomenological models that include only OGEP and the sizable
contribution of the non-perturbative qq¯ condensate to the N-∆ and pi-ρ splitting, as evident from the
lattice QCD simulation in the quenched approximation [17]. Faessler et al [18] have analyzed the repulsive
core using the quark model using the resonating group equation for NN scattering solved with the Breit-
Fermi color interaction. They further used linear and quadratic potentials for the confinement. The color
magnetic interaction adjusted to the nucleon mass splitting was shown to favor the orbital symmetry
but not the completely symmetric orbital state and also addressed the infrared slavery problem.
Addressing the question of confinement, it is imperative to look at the confinement model for the glu-
ons. Gluons being quanta of the color field, carry color charges and hence can interact among themselves,
unlike the photons. Therefore, the effect of gluon exchange and confinement of gluons among relativis-
tically confined quarks in NN interaction becomes indispensable [19]. While QCD based models such as
the MIT bag model [8, 9] or the non-relativistic-quark model (NRQM) [3, 7, 18], have incorporated the
confinement of quarks using the resonating group method (RGM), the effect of confinement of gluons
was unaccounted for. In these models, the color magnetic part of the Fermi-Breit one-gluon exchange
potential (OGEP) is responsible for the short-range repulsion and σ and pi mesons are used to obtain
the bulk of NN attraction [2]. These aspects were investigated from the perspective of color confinement
of gluons by Vijaya Kumar et al. [19, 20]. Therefore, to get a physically meaningful result, we have to
incorporate the propagation of gluons in the confinement model [21]. This model was developed based on
the study of the current confinement model (CCM) [15, 22] for the gluons and a Relativistic Harmonic
Model (RHM) for the quarks [19].
The instantons were introduced by ‘t Hooft in relation to the UA(1) problem. They play an important
role in the effective interaction by coupling to the light quarks, whose strength of interaction depends
on instanton density. This was estimated from the gluon condensate of the QCD vacuum [23, 24].
Moreover, lattice QCD suggests that the instantons density in the QCD vacuum is consistent with
the gluon condensate expected from QCD sum rules [26]. In essence, the constituent quark masses is
attributed to the spontaneous chiral symmetry breaking in QCD, and a plausible mechanism is due to
instantons [24, 27]. III has also been found necessary in explaining the spectra and decays of mesons
[28, 29]. It is hence imperative that one includes III as a short range non-perturbative gluon effect [25].
The present paper attempts to reproduce the well-established properties of the NN interaction in
the framework of constituent quarks using the Confined One-Gluon Exchange Potential (COGEP) and
Instanton-Induced Interaction (III) potential. As will be shown, the model successfully reproduces the
short-range repulsion and intermediate-range attraction. The nature of and the motivation to incorporate
the above potentials are also discussed. The primary objective of the present work is to study the
interaction between two nucleons (NN interaction) with the Relativistic Harmonic Model (RHM) using
the Resonating Group Method (RGM) in Born-Oppenheimer approximation. We analyze NN interaction
in the singlet (1S0) and triplet (3S1) channels and juxtapose the results; the effect of COGEP and III
on the adiabatic NN interaction potential are also studied. The results obtained are compared with
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the experimentally known qualitative features of NN interactions at various ranges. In addition, the
contributions of the color magnetic part of COGEP and III to the splitting of the (1S0) and (3S1) states
are studied.
2 Model and Methodology
2.1 The Relativistic Harmonic Model (RHM)
We use RHM for confinement of quarks [15] by treating quarks as Dirac fermions confined to Lorentz
scalar plus vector potentials. The Dirac equation for a scalar plus vector potential is,
[α.p+ β(m+ S(r)) + V (r)]ψ = Eψ (1)
where, S(r) is the scalar potential and V (r) is the time component of the vector potential.
The essential feature of such a potential is that it provides a very sensible framework for mesons as
well as baryons. Also, the Klein paradox does not appear for such a potential. The RHM requires both
the Lorentz scalar cum vector potentials to be harmonic oscillator potentials. The Lorentz scalar plus
vector harmonic oscillator potential is chosen as,
1
2
(1 + γ0)α
2r2 +M (2)
where γ0 =
[
1 0
0 −1
]
, M is a constant mass and α2 is the confinement strength parameter. The quark
wave function (ψ) is,
ψ = N
[
φ
σ.p
E+M φ
]
(3)
where,
N =
√
2(E +M)
3E +M
Here, E is the energy eigenvalue of a single Dirac particle. Eliminating the lower component of ψ in such
a way that it satisfies the harmonic oscillator wave equation, we obtain[
p2
(E +M)
+ α2r2
]
φ = (E −M)φ (4)
whose eigenvalues are
E2n = M
2 + (2n+ 1)Ω2n (5)
Ωn (n ≥ 1) being the energy dependent “oscillator size parameter” and b is the oscillator size parameter.
The above-mentioned parameters of the model are chosen so as to obtain meaningful values for the
magnetic moments and rms charge radii of the nucleons [21].
2.2 The Hamiltonian
By using the RHM for a six-quark system, the Hamiltonian is transformed to act upon φ in a center of
mass (COM) frame. The Hamiltonian then becomes,
H =
6∑
i=1
p2i
(E +M)
−KCM + Vconf + Vint (6)
Here, (E + M)/2 represents the effective dynamic mass of the quark. The term KCM = P
2
6(E+M) gives
kinetic energy for COM motion. Vconf is the confinement potential. The interaction potential Vint
between the quarks is given by Vint = VCOGEP + VIII.
The interaction potentials considered here are COGEP and III. The central part of COGEP is [20],
VCOGEP(rij) =
αsN
4
4
∑
i<j
λi.λj
[
D0(rij) +
1
(E +M)2
× (4piδ3(rij)− c2D0(rij))(1− 2
3
σi.σj
)]
(7)
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The III is given by [30],
VIII(rij) =
−W
2
∑
i<j
[
16
15
+
2
5
(λi.λj) +
1
10
(λi.λj)(σi.σj)
]
δ3(rij) (8)
In the above expressions, rij is the separation between the quarks, σi is the well-known Pauli spin
matrix of the ith quark, λi are the color (Gell-Mann) matrices, M and E are the quark mass and energy,
αs is the quark - gluon coupling constant and W is the III strength parameter.
In what follows, we shall discuss the role of COGEP and III.
2.2.1 Confined One - Gluon Exchange Potential (COGEP)
As discussed above, the fact that no hadron (baryon or meson) has been observed as colored states (i.e.,
quark confinement) and that gluons themselves are color singlets can only seem to imply that gluon color
degrees of freedom must also be confined.
In this background, the current confinement model (CCM) was constructed [21, 22] to study gluon
confinement in the spirit of RHM. Here, the coupled nonlinear term in the Yang-Mills tensor is treated as
a color gluon supercurrent - borrowing the analogy from Landau - Ginzburg theory in superconductivity.
This leads to an expression for the supercurrent, not unlike the London equation in superconductivity,
treating the gluon fields as a quasi-Maxwellian field. Modeled as an effective theory of small fluctuations
around a background solution of the classical Yang-Mills theory in the form of a condensate in the
background color fields of QCD, a self-induced color current (jµ = θνµAν = m2Aµ) adds an equivalent
effective mass to the gluons, modifying the gluon propagators [21].
COGEP has a Coulombic part, a color electric part and a color magnetic part. In equation (7) for
the central part of COGEP,
αsN
4
4
∑
i<j
λi.λj
[
D0(rij) +
1
(E +M)2
(4piδ3(rij)− c2D0(rij))
]
(9)
is the color electric term and
−αsN
4
4
∑
i<j
λi.λj
[
1
(E +M)2
(4piδ3(rij)− c2D0(rij))× 2
3
(σi.σj)
]
(10)
is the color magnetic term. The form of D0 is,
D0(rij) = exp
(
−r
2
ijc
2
0
2
)(
α1
|~rij | + α2
)
(11)
where c0, α1 and α2 are parameters that fit D0 [20]. Because the color magnetic term is spin dependent,
it gives rise to the hyperfine splitting between the baryons. And further, since N and ∆ are the only
baryons of spin 12 and
3
2 respectively, the mass difference between these baryons must arise due to the
color magnetic interactions.
2.2.2 Instanton Induced Interaction (III)
The QCD Lagrangian gives rise to (nearly) massless quarks. In reality, however, quarks have non-
zero mass, which arises as a result of their chiral symmetry being broken spontaneously. To this end,
instantons provide a meaningful and realistic mechanism for the breaking of chiral symmetry. Since we
are studying those quarks with attributes of a constituent mass, instantons become an essential part of
the interaction potential and the overall mechanism itself.
For a massless field, the symmetry of the QCD Lagrangian is: SU(3)R × SU(3)L × U(1)V × U(1)A.
The current corresponding to the U(1)A symmetry is not conserved. The broken U(1)A symmetry is
believed to be due to the effects of instanton [23, 27]. The instantons couple to the quarks, thus giving
rise to a constituent mass whose magnitude is of the order of the mass difference between the baryons
N and ∆. The III potential mentioned above is the non-relativistic limit of the central part of this
instanton field [16]. Another motivation to introduce instanton physics into QCD is to see if long-range,
non-perturbative instanton effects can explain confinement [31].
Also, introducing III, the strength of one-gluon exchange (αs) can be reduced. Therefore, from
a quantum field theoretical perspective, the instantons are non-perturbative fluctuations of the gluon
4
fields in a QCD vacuum. For these purposes, instantons are taken to be pseudo-particles which come out
as the asymptotic solutions to the QCD Lagrangian. Furthermore, they provide a key mechanism for
breaking of the chiral symmetry that results in the acquisition of dynamical mass for light quarks [16, 27].
Therefore, one can account for the dynamical mass of quarks due to Instanton Induced Interaction (III)
and hence, III becomes a quintessential part of NN interaction in our study [16, 30].
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Figure 1: Plots of the NN potential obtained in the present work (left) and the exchange component of
the NN potential (right).
The III can be derived from the effective instanton Lagrangian that leads to a contact interaction
between the constituent quarks in the leading order. The potential derived from the interaction is given
by [16],
VIII(rij) = −
∑
i<j
1
2
Wij (1− Pij)
(
1− 1
5
(σi · σj)
)
δ(rij) (12)
where, Pij represents the permutation of the ith and jth quarks and the Wij is the strength of the
corresponding interaction. Representing the permutation operator in terms of σi and λi, we get eq. (8).
2.3 Resonating Group Method
The resonating group method (RGM) is used to calculate the potential for the NN interaction. The
expression for the interaction potential is given by,
E =
〈ψ|HA|ψ〉l=0
〈ψ|A|ψ〉l=0 (13)
where, H is the Hamiltonian, ψ is the wave-function of the two-nucleon system and A is the anti-
symmetrization operator. The anti-symmetrization operator guarantees that the total wave-function of
the NN system is anti-symmetric and is given by [16]:,
A =
1
10
(1− 9POSTC36 ) (14)
where, POSTC36 is the permutation operator for quarks 3 and 6 and OSTC stands for orbital, spin, isospin
and color respectively. Thus, POSTC36 operator exchanges the orbital, spin, isospin and color quantum
numbers of the quarks 3 and 6 [20]. The anti-symmetrization operator separates the contributions
to the interaction potential in to two parts - direct and exchange. The direct part represents the
internal dynamics of each nucleon and exists at all separations. The exchange part represents the effects
overlapping of the nucleon wave functions and is present only in region of interaction. The interaction
potential is obtained by removing asymptotic contributions using the adiabatic approximation.
We choose the Harmonic oscillator wave function as the trial wave function for the orbital part of the
calculations:
φ(ri,SI) =
1
(pib2)3/4
exp
(
− 1
2b2
(
ri − SI
2
)2)
(15)
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where, SI is the relative separation between the nucleons. The total wave function is given by,
ψ =
3∏
i=1
φ(ri,SI)φ(ri+3,−SI) (16)
3 Results and Discussion
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Figure 2: Plots of the contribution of color magnetic exchange part COGEP (left) and the total contri-
bution of COGEP (right) to NN potential.
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Figure 3: Plots of the NN potential without COGEP (left) and without III (right).
Our model has ten parameters - the quark mass and energy eigen value (M and E), confinement
strength (α2), the harmonic oscillator size parameter (b), the quark-gluon coupling constant (αs), III
strength parameter (W ), CCM parameter (c), c0, α1 and α2 - the parameters that characterize the
function D0(r) [19, 20]. The parameters and their values are listed in the table 1. The oscillator size
parameter was chosen to be 0.6 fm and is consistent with the experimental results [6]. The chiral
symmetry breaking provides a dynamical mass of ∼ 300 MeV to the constituent quarks. As evident
from Eq. (3) and Eq. (4), the dynamical mass of the constituent quarks is given by the sum of their
energy eigen value in the confining harmonic potential and the mass parameter (M). The values of the
parameters E and M are fitted from hadron spectroscopy. α2 is fixed from the stability condition for
the nucleon mass as a function of the size parameter b [21].
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Parameter Value
M 160.6 MeV
E 40.0 MeV
α2 200.01 MeV
b 0.6 fm
αs 6.5
c 0.3 fm−1
α1 1.035994
α2 2.016150 MeV
c0 1.7324 fm−1
W 67.67 MeV fm3
Table 1: Parameters used in the model.
The total NN potential obtained from the present study is shown in fig. (1). The plot shows a large
repulsion arising in the short range and an attraction in the intermediate range. The exchange part of the
NN potential is completely repulsive in both the 1S0 and 3S1 channels. The dominant contributions to
the NN interaction potential comes from the kinetic energies of the quarks, color magnetic interactions,
and quark confinement. The color magnetic part of COGEP gives short-range repulsion in the 1S0 and
3S1 channels as shown in fig. (2). The exchange kernels of δ3(rij) dominate over the exchange kernels
of c2D0(rij) at short-range distances, thus producing short-range repulsion [6]; whereas, the exchange
kernels of c2D0(rij) dominate over that of δ3(rij) at intermediate and long ranges. It is also observed
that there’s no significant contribution from the color electric terms. The color electric term consists
of a radial matrix element, which is the same for the two hadron (2(0s)3) state and for the six - quark
((0s)6) state. The difference arises from the color interactions λi.λj . But, the expectation value of the
λi.λj depends only on the number of quarks. Hence, the color electric elements of COGEP, III and the
confinement term do not contribute NN adiabatic potential. The decisive contribution of COGEP can
be seen when the total NN potential is plotted without COGEP as shown in fig. (3). It can be seen
that COGEP provides a repulsion of about 150 MeV in the short range, which is significantly reduced
to just about 50 MeV without COGEP. This repulsion is larger than the repulsion provided by the
conventional one gluon exchange potential [30]. Also, COGEP provides an attraction of about 20 MeV
in the intermediate range. Thus, the intermediate attraction must arise from the direct components of
the potential.
As seen in a previous study, the direct part of the III provides a large state independent attraction
[30]. The direct part of the color magnetic term shows state-independent attraction at short range.
The exchange part shows repulsion. It can be seen that III provides a net attraction predominantly, up
to ≈2 fm. Therefore, III is an attractive potential. A plot of the total potential without III shows a
surplus in the short-range repulsion of about 50 MeV and the intermediate-range attraction is reduced
by about 20 MeV. Further, the attractive minimum is situated at about 1 fm with III, which is slightly
shifted to about 1.3 fm without it. This reaffirms the attractive nature of III. As for the potentials,
short-range repulsion arises from the kinetic energy and the exchange part of the color magnetic terms
of the potential.
Summarizing, we have studied the NN interaction using a relativistic harmonic model that includes
the confinement of the gluons. The adiabatic NN potential for the singlet and triplet states have been
obtained in the Born - Oppenheimer approximation. We observe that the Hamiltonian is highly non-
local. The gluon confinement is shown to increase the short range repulsion. The III is shown to be
essential for the intermediate range attraction.
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